Abstract Grids of stellar evolution are required in many fields of astronomy/astrophysics, such as planet hosting stars, binaries, clusters, chemically peculiar stars, etc. In this study, a grid of stellar evolution models with updated ingredients and recently determined solar abundaces is presented. The solar values for the initial abundances of hydrogen, heavy elements and mixing-length parameter are 0.0172, 0.7024 and 1.98, respectively. The mass step is small enough (0.01 M ⊙ ) that interpolation for a given star mass is not required. The range of stellar mass is 0.74 to 10.00 M ⊙ . We present results in different forms of tables for easy and general application. The second stellar harmonic, required for analysis of apsidal motion of eclipsing binaries, is also listed. We also construct rotating models to determine effect of rotation on stellar structure and derive fitting formula for luminosity, radius and the second stellar harmonic as a function of rotational parameter. We also compute and list colours and bolometric corrections of models required for transformation between theoretical and observational results. The results are tested for the Sun, the Hyades cluster, the slowly rotating chemically peculiar Am stars and the eclipsing binaries with apsidal motion. The theoretical and observational results along isochrones are in good agreement. The grids are also applicable to rotating stars provided that equatorial velocity is given.
INTRODUCTION
Mankind has often wondered what phenomena may lie behind the visible part of the universe. In this connection, we observe the surface of stars and try to understand what happens inside them and what influences their structure. This is essential for our comprehensive description of the universe. Updated grids for stellar models are required for this task (e.g., Yi, Kim, & Demarque 2003; Pietrinferni et al. 2006; VandenBerg et al. 2006; Dotter et al. 2008 ). The present study focuses on constructing upgraded stellar models (rotating and non-rotating) with very dense mass steps.
The most important target for a stellar evolution code is the Sun, due to the wealth of high quality seismic and non-seismic constraints. The agreement between the Sun and the calibrated solar model is a measure of code quality. Such a solar model is obtained by using recently determined solar composition (Asplund et al. 2009 ). The relative sound speed difference between the Sun and the standard solar model constructed by using the ANKİ (ANKARA-İZMİR; Ezer & Cameron 1965) code is less than 1.4 per cent (Yıldız 2008) . For a non-standard solar model constructed with enhanced opacity, however, the maximum relative sound speed difference is about 0.15 per cent (Yıldız 2011a) . The input parameters 
BASIC PROPERTIES OF THE CODE AND INITIAL VALUES
The ANKİ code used for the present study was first developed in the 1960s by D. Eryurt-Ezer and gradually updated by her and her colleagues (Ezer & Cameron 1965; Kızıloglu & Eryurt-Ezer 1985; Yıldız & Kızıloglu 1997 ) and more recently by Yıldız (2000; 2003; . The updated routines are for equation of state (EOS), opacity, nuclear reaction rates and chemical advancement due to nuclear reactions (see Table 1 for basic properties of the code). A brief summary is given below.
OPACITY -The radiative opacity is derived from recent OPAL tables (Iglesias & Rogers 1996; OPAL96 ) , implemented by the low temperature tables of Ferguson et al. (2005) .
CHEMICAL COMPOSITION -X=0.7024 and Z=0.0172 values are obtained from calibration of solar models. The present solar surface abundance of heavy elements is reduced to 0.0134 by diffusion which is in very good agreement with the recent value of 0.0134 found by Asplund et al. (2009) .
EOS -In the present study, the EOS is obtained by minimization of the free energy (Mihalas et al. 1990) . Whereas the Saha equation is solved for hydrogen and helium, ionization degrees of the eight most abundant heavy elements (C, N, O, Ne, S, Si, Mg and Fe) are computed from the expressions given by Gabriel & Yıldız (1995) . The basic properties of the routines are described in detail by Yıldız & Kızıloglu (1997) .
NUCLEAR REACTIONS -Rate of nuclear reactions are computed from Bemmerer et al. (2006) and Caughlan & Fowler (1988) .
CONVECTION -Classical mixing-length theory (MLT) of Böhm-Vitense (1958) is employed for convection. While boundaries of convective regions are marked by Schwarzschild criteria, overshooting is not accounted for. The mixing-length parameter α = 1.98 is obtained from by calibrating the solar models.
The masses of the models range from 0.74 to 10.0 M ⊙ . The mass step is 0.01 M ⊙ through the range. Such a dense grid can be used to estimate the mass and age of stars whose spectroscopic and photometric observations yield data of high quality. Basic properties of models are summarized in Table  2 .
ONLINE TABLES
Tables are prepared for grids of stellar evolution, with different masses from ZAMS to terminal-age MS (TAMS), and for isochrones using these grids. These tables will appear in the online version of the article. In the following subsections, we describe columns of these tables. Units of the quantities are in cgs, unless specified otherwise.
Although pre-MS phase is included in model computations, to avoid complications, only the MS phase from ZAMS to TAMS is presented in the grids. For isochrones, however, pre-MS phase is considered.
ZAMS can be defined as the point at which luminosity or radius is minimum (L min , R min ). However, for some stellar masses, the time difference between the ages from L min and R min is significant. Alternatively, we determine the ZAMS point for a model evolution at which multiplication of luminosity and radius is minimum. This is a unique point in most of the evolutionary tracks and therefore very suitable for automatic computation of such large stellar grids. The TAMS point is adopted as The maximum difference between age from equation (1) and model age is about 20 per cent. Very precise TAMS age as a function of stellar mass for the same mass interval is derived as The accuracy of equation (2) is very high for the models with M > 2 M ⊙ . The maximum difference between its prediction and model age is 5 per cent, for this mass range. It is about 15 per cent for the range M < 2 M ⊙ .
In Fig. 2 , log(g) of stars at ZAMS (thick solid line) and TAMS (dotted line) is plotted with respect to stellar mass. For comparison, log(g) of ZAMS models (thin solid line) of Pols et al. (1998; Pols98) is also plotted. The dependence of log(g) on stellar mass is very different for models with M > 1.5 M ⊙ and M < 1.5 M ⊙ . For models of the early-type stars (M > 1.5 M ⊙ ), both ZAMS and TAMS values of log(g) are nearly constant, and are about 4.3 and 3.8, respectively, whereas log(g) of late-type stars (M < 1.5 M ⊙ ) is much more sensitive function of stellar mass than that of the early-type stars. As stellar mass reduces, log(g) increases and reaches values 4.7 for ZAMS and 4.4 for TAMS of 0.74 M ⊙ model. The difference between log(g) values of ZAMS and TAMS is 0.5 for the early-type stars and 0.3 for the late-type stars. In Fig. 3 , log(g) is also plotted with respect to T eff . On this plot, the characteristics of log(g) changes at about T eff =6750 K.
Results on early-type stars (
The central regions of these stars have relatively high temperatures. For these stars, the nuclear reactions proceed via the CNO cycle, which is much more productive than the proton-proton chain. Therefore, one should expect different MS lifetime values for early-and late-type stars. For the former, we derive
This expression (see also equation 7) is simpler but less accurate than equation (2). In Fig. 1 , luminosity is minimum at ZAMS and gradually increases during MS evolution for all the models. L TAMS = 2 L ZAMS is a very good approximation for the full mass range. The mass-luminosity relation for TAMS of early-type stars is as follows The maximum difference between prediction of equation (4) and model luminosity is about 10 per cent, for this mass range. It is about 15 per cent for the range M < 2 M ⊙ (see the text below Eq. (7) in Section 4.2).
We also derive a mass-effective temperature relation for TAMS and ZAMS:
where effective temperature of the Sun (T eff⊙ ) is taken as 5777 K. Equations (5) and (6) are useful for analysis of observed data. Uncertainties in equations (5) and (6) are 40 and 50 K, respectively.
Results on late-type stars (M < 1.5 M ⊙ )
We derive expression for the TAMS ages of late-type stars as
For TAMS luminosity of the late-type stars, we find
Table 4 The TAMS values of some basic parameters of the models. Mass, luminosity and radius are in solar units. ρ ph is the density at the surface, while T c and ρ c are the temperature and density at the stellar center, in cgs. BC represents bolometric correction.
M log R log L log T eff log ρ ph log g log k2 log Tc log ρc BC U In comparison with model luminosities, equation (8) is uncertain about 15 per cent.
The fitting formula for ZAMS and TAMS T eff of late-type stars as a function of stellar mass is found as
For early-type stars and the hot side of late-type stars in HRD, T eff,ZAMS is higher than T eff,TAMS . However, for models with M < 1.29 M ⊙ , T eff,TAMS > T eff,ZAMS . Uncertainties in equations (9) and (10) are 60 and 40 K, respectively. Some of the fitting formula derived in this section are plotted in Figs. C.1-3 of Appendix C.
Depth of convective zones in late-type stars
In the outer regions of late-type stars, opacity is so high that the radiative temperature gradient is greater than the adiabatic gradient. It is usually reasoned that the stars with mass less than 0. Morin et al. 2008 ). This reasoning is very interesting in two respects: 1) Could convection mix the rare envelope and dense core in these stars? 2) If yes, do these stars ignite all their hydrogen as nuclear fuel?
In late-type star models, density is so high that the non-ideal effects should be taken into account. In these models, the assumption of ideal gas pressure (including degeneracy) may not be justified. Hence, Coulomb interaction should be considered. For low-mass stars, in some regions, coulomb energy becomes comparable to the thermal kinetic energy. In such a case, expression for coulomb energy such as given in Landau and Lifshitz (1969) is no longer valid.
The convective zone deepens as stellar mass decreases. This phenomenon is depicted in Fig. 4 which displays the base radius of the convective zone, in the unit of total model radius (r bcz = R bcz /R ⋆ ) as a function of stellar mass. The dotted line is for TAMS and solid line is for ZAMS. The fitting curve for r bcz of TAMS is given as 0.20(M/M ⊙ ) 2.4 + 0.51.
Ionization degree of the most abundant chemical elements at stellar surfaces
The spectral class of a star is determined from its spectral lines. Absorption lines observed in spectra of stars are mainly due to the transition of atomic and ionic electrons from one bounded quantum state to another. These lines are extremely important to decipher the properties of stars. The observability of a line pertaining to a certain type of ion primarily depends on how abundant this ion in the observed medium is. As a matter of fact, excitation paves the way for ionization. In Fig. 5 , the effective charges (mean ionization degree, z eff ) of the most abundant elements with respect to effective temperature are plotted. The thin solid line represents hydrogen. Ionization of hydrogen starts at about T eff =7500 K and ends at about T eff =12500 K. The curves of H, N (thick dotted line) and O (thin dotted line) are very close to each other for the stars having T eff less than 15000 K, because first ionization potentials of these elements are nearly the same. occurs at about 10000 K. Fe IV starts to appear at about 20000 K. For T eff about 25000 K, Fe is three times ionized. In stars with T eff higher than 25000 K, no line of Fe IV (Fe +++ ) is observable.
COMPARISON OF RESULTS WITH OBSERVATIONAL CONSTRAINTS AND OTHER STUDIES

Comparison of solar models
The Sun is the nearest star to us and is always the first object to model for a stellar evolution code. The precise seismic and non-seismic constraints to the solar interior are very important for our understanding of stellar structure and evolution. In most cases, solar values for chemical composition and convective parameter are used for stars if there is no constraint for them. In Fig. 6 , the results from the model of 1 M ⊙ are plotted in the HRD. For comparison, the results from other studies and the Sun are also shown. The best agreement is achieved by the present study, despite the fact that the diffusion process is not included. The differences are small, but it seems that Schaller et al. (1992; Schal92) Claret (2004; Claret04) , on the other hand, substantially deviates from the data for the Sun. He finds X=0.684 and Y=0.296 from the calibration of solar model but the tracks are tabulated for X=0.7, Y=0.28. The disagreement is due to the fact that the chemical composition of Claret's grids is not the same as the solar composition.
Comparison for Hyades cluster
Star clusters are the test objects of astrophysics in many respects and are the main laboratory for stellar structure and evolution in the early phase of stellar astrophysics. The advantage of studying clusters is that their members are assumed to be formed from the same material and at the same time. Hyades is the nearest cluster to us and therefore its members are among the most precise distances and hence the absolute magnitudes. In Fig. 7 , the Hyades stars with very precise observational data (de Bruijne et al. 2001 ) are plotted in the colour-magnitude diagram (CMD). Also shown are three isochrones. The solid line is for log(t/yr) = 8.90. The thin and thick dotted lines, however, are for log(t/yr) = 8.85 and log(t/yr) = 8.95, respectively. For B − V > 0.3, the three isochrones are almost equivalent. They draw border of the hotter side of MS. This is reasonable because the isochrones are produced from nonrotating models and rotation moves position of the data toward the red side of the CMD. Binarity also causes upward and rightward shifts in CMD . Therefore, for agreement between isochrones and the observed data, the isochrone line must be in the blue side of the data. The isochrone for log(t/yr) = 8.85 is not in agreement with the brightest stars. A similar situation is also valid for log(t/yr) = 8.95. The best fitting isochrone is for log(t/yr) = 8.90 (t = 794 Myr). This age is in agreement with 720 Myr found by Yıldız et al. (2006) from the binaries of Hyades and the value (log(t/yr) = 8.896) given by the WEBDA database (Mermilliod 1995; www.univie.ac .at/webda). Salasnich et al. (2000) .
Comparison for Am binaries
Diffusion is one of the microscopic processes operating inside the stars which in turn changes their observable quantities. For the sun for example, the sound speed difference between the Sun and the solar models is reduced if diffusion of helium and heavy elements is included in the model computations. Some early-type stars have so high abundance of certain elements that only the diffusion process can fulfill. The diffusion process in early-type stars is a slow process but fast enough to change spectral properties of stars, provided that rotational velocity is slow. The non-magnetic chemically peculiar Am stars are slow rotators and therefore very appropriate early-type stars for confrontation with non-rotating stellar models.
In Fig. 8 , the theoretical HRD is plotted for the Am stars in double-lined eclipsing binaries (Andersen 1991) . Also shown are the isochrones at ages 355 (thin dotted line), 447 (thick solid line), and 562 Myr (thick dotted line). The isochrone of 447 Myr is in very good agreement with the observational properties of the Am stars. For comparison, the isochrone given by Salasnich et al. (2000) for the same age is also plotted in Fig. 8 (thin solid line) . Two isochrones with the same age is in agreement.
This age is the time required for the microscopic diffusion process to be effective. That is to say, during this time interval, metals such as Zn and Sr are gradually levitated. As a result of the levitation, after about 450±100 Myr, photosphere of A-type stars with low rotational velocity abounds in such elements. The existence of many indicators resulting from physical processes occurring inside the stars leads us to discover the internal structure and evolution of stars. Three of these indicators are classical diagnostics of stellar structure and permit us to see inside the stars. These are the detection of neutrinos yielded via nuclear reactions in the central regions, frequencies of asteroseismic oscillations trapped in the cavities inside the stars and apsidal motion. The last of these is observed in the eccentric eclipsing binaries. The observed apsidal motion rate is computed using the timing of the changing position of the eclipses. The theoretical rate, however, can be expressed in terms of the second harmonic (k 2 ) of the component stars. For some binary systems, general relativistic effect must be taken into account. k 2 is a measure of mass distribution in the most outer regions of component stars.
Comparison
In literature, there are many studies of many investigators on apsidal motion of eclipsing binaries (see Zasche 2012; Wolf et al. 2010; Claret and Giménez 2010; Bulut 2009; Bakış et al. 2008; Khaliullin and Khaliullina 2007; Wolf et al. 2006) . Some well known binaries have components which are so close, but not contacting, that the time coverage of their eclipse data is comparable to their apsidal motion period. Binaries with precise apsidal motion period are the most suitable ones for apsidal motion analysis.
k 2 is plotted with respect to t 9 = t/10 9 yr in Fig. 9 for the models with 1 M ⊙ and 2 M ⊙ . As a star evolves in MS, its outer regions expand while the central regions contract. Therefore, k 2 , a measure of mass distribution in stellar envelope (see equation A1), decreases with time during the MS phase. For comparison, k 2 given by Claret (2004; C2004) is also shown in Fig. 9 . There is a systematic difference between k 2 of models with 1 M ⊙ . It is about ∆ log k 2 ≈ 0.08. The initial values of X, Z and α in our and Claret's models are quite different. The difference ∆ log k 2 ≈ 0.08 may arise from usage of The apsidal motion of the eclipsing binaries with well known accurate dimensions have been recently studied by Claret and Giménez (2010) . In order to compare observational and theoretical apsidal advances for well known binaries given in Claret and Giménez (2010) and Claret and Williems (2002) , we compute the apsidal advance rate (ω the ) from k 2 of the present stellar grids (see Appendix A).
We first compute the age of a binary system using the mass and radius of its primary component. We find the time (t) at which the model radius is equal to the observed radius. Theoretical apsidal advance rateω the is computed from k 2 of component stars at t. In Fig. 10 ,ω the is plotted with respect toω obs . Method for computation of uncertainty inω the is given in Appendix A. In such a logarithmic graph, the theoretical and observational advance rates are in very good agreement. However, for some binaries with short period apsidal motion the uncertainties are significantly less than the difference betweenω the anḋ ω obs . Therefore, such binaries need further detailed analysis. As an example of apsidal motion inference, internal rotation of components of PV Cas has been studied by the author of the present paper (Yıldız 2005) .
EFFECT OF ROTATION
Apart from the chemically peculiar (Ap Bp and Am) stars, the early-type stars are rapid rotators reaching v sin(i) = 300 km s −1 . Therefore, the effect of rotation must be included for the early-type stars at least. The rotational velocity directly derived from spectra of stars is the velocity of their photosphere. However, for an exhaustive rotating model, a complete knowledge of internal rotation is required. Recently, diferentially rotating models are constructed by Ekström et al. (2012) . They assume solid-body rotation at ZAMS and later they allow differential rotation. In the previous literatures, a solid-body rotation is widely assumed for the representation of internal rotation. However, this assumption does not hold for some early-type stars (Yıldız 2003; 2005) . Table 5 The effect of rotation for a given surface value of rotational parameter depends on the stellar mass. The parameters for the effect of rotation on luminosity, radius, and the second stellar harmonic are listed In the simple case of solid-body rotation, the stellar parameters could be derived in terms of rotational parameter Λ r , which is defined as
where M (r), G and Ω are the mass inside the sphere with radius r, the universal gravitational constant and rotational angular velocity at r, respectively. Λ r is very small near the central regions and is maximum in the most outer regions. Rotation influences the hydrostatic structure of stars in an amount depending upon value of Λ r . In the case of solid-body rotation, the most influnced part is the most outer regions and therefore the largest difference between rotating and non-rotating models occurs in their radii. The more rapid rotation is, the higher the radius is. For luminosity, however, the situation is different. Rotation causes formation of nuclear core cooler than that of the non-rotating counterpart of a model. Therefore, the higher the rotation rate is, the lower the luminosity is.
Luminosity of a rotating model can be expressed in terms of the luminosity of its non-rotating counterpart (L o ) and the value of the rotational parameter (Λ s ) at the surface (Yıldız 2005) :
The effect of solid-body rotation on the radius, on the other hand, can be formulated from the model properties as
Rotation also influences stellar harmonic k 2 . In terms of Λ s , the change can be written as
where ∆ log k 2 is the logarithmic difference between k 2 of rotating and non-rotating models, ∆ log k 2 = log k 2 (Ω) − log k 2 (Ω = 0). The effect of rotation given in equations (12)- (14) are not valid for all the mass range. Therefore, we have constructed rotating models for the masses 1.0, 1.2, 1.4, 2.0, and 2.4 M ⊙ . From these rotating models, we derive equations similar to equations (12)- (14) with c L , c R , and c k2 defined as
The coefficients c L , c R , and c k2 are listed in Table 5 . Rotating models constructed by using the ANKİ code are compared with that of other studies in the literatures. If we compare luminosities, our one-dimensional models (see Fig. 4 in Yıldız 2004 ) are in very good agreement with 2-dimensional models obtained by Roxburgh (2004) . The radii obtained by Roxburgh are also in good agreement with the radii we obtained, provided that we take mean radius of a 2-dimensional model as the geometrical mean of equatorial and polar radii. Our results concerning k 2 of rotating models are in good agreement with results of Stothers (1974) given for early-type stars.
CONCLUSIONS
Starting from threshold of stability point at which gravitational and internal energies are nearly the same, we construct a series of evolutionary models for the mass interval of 0.74-10.0 M ⊙ , with a mass step of 0.01 M ⊙ . The results are presented as grids of stellar evolution and isochrones. We derive some basic expressions for ages, luminosities, and effective temperatures for ZAMS and TAMS which may be useful for astrophysical applications. We also obtain some expressions for certain stellar masses about how rotation affects the fundamental properties of MS stars.
We also discuss how deep convective envelope of the coolest stars may be. It seems that there are no full convective stars and the maximum size of the convective envelope is about half the star radius.
We compare model results with the observational results of the Sun, the Hyades cluster, the chemically peculiar Am stars and the eclipsing binaries with apsidal motion, and confirm a good agreement between the results.
where M i , b i and ω r,i are the total mass, relative radius (radius divided by semimajor axis a) and rotational angular velocity of component i, respectively. ω k is orbital angular velocity and e is eccentricity. Functions g(e) and f 2 (e) are given below:
g(e) = 1 (1 − e 2 ) 2 , (A.3) f 2 (e) = 1 (1 − e 2 ) 5 1 + 3 2 e 2 + 1 8 e 4 ,
The ratio ω r,i /ω k occurring in equation (A.2) are given by Kopal (1978) as
(A.4)
In addition to classical term, secular advance of apsides arises also from the general relativistic framework (Kopal 1978 )ω rel = 6.35 × 10 −6 M 1 + M 2 a(1 − e 2 ) (A.5)
where the masses of the component stars (M 1 , M 2 ) are expressed in solar units and unit ofω rel is o /cyc. Then, the total apsidal advance is the summation ofω rel andω cl .
A.2. Uncertainty inω cl
Typical uncertainty inω cl (∆ω cl ) is computed in terms of uncertainties in masses (∆M i ) and radii (∆R i ) of component stars. We take care the first row of equation (A.2) Uncertainty in k 21 is computed by using
The partial derivatives ∂ log k 21 /∂ log M 1 and ∂ log k 21 /∂ log R 1 are derived from the models as 0.52 and 1.20, respectively. (6) and (9), respectively. 
